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Cell-to-cell and long-distance transport of some plant viruses requires coordinated action of three movement proteins
encoded by triple gene block (TGB). The largest of TGB proteins, TGBp1, is a member of the superfamily I of DNA/RNA
helicases and possesses a set of conserved helicase sequence motifs necessary for virus movement. A recombinant
His-tagged form of TGBp1 of two hordeiviruses and potato virus X, a potexvirus, produced in Escherichia coli had unwinding
activity on a partially duplexed RNA, but not DNA substrate. The helicase activity of these proteins was dependent on
Mg2and ATP. The isolated C-terminal half of the PSLV TGBp1 retaining all helicase motifs was also able to unwind RNAINTRODUCTION
Based on sequence comparisons, the superfamily I
(SF-I) helicase domains have been identified in a variety
of plant virus genera belonging to -like RNA viruses.
Hordeiviruses and potexviruses have evolved two dis-
tinct proteins with sequence domains related to the SF-I
helicases (Gorbalenya and Koonin, 1993; Kadare and
Haenni, 1997; Morozov et al., 1999). One of these do-
mains is a conserved portion of the replication-related
proteins, whereas the putative helicase domain dispens-
able for replication is known to participate in virus cell-
to-cell movement (Koonin and Dolja, 1993). The helicase
domain-containing movement protein, named TGBp1, is
encoded by the first gene of the triple gene block (TGB),
an evolutionary conserved module of three partially over-
lapping cistrons found in several genera of rod-shaped
and filamentous plant viruses including Hordeivirus and
Potexvirus (Morozov et al., 1989; Wong et al., 1998). Re-
cently, experimental evidences for RNA helicase activity
have been obtained for the SF-I helicase domain-con-
taining replicative proteins of animal alphaviruses, arteri-
viruses, and coronaviruses (Gomez de Cedro´n et al.,
1999; Seybert et al., 2000a,b). However, the helicase
function of the TGBp1 proteins has been questioned
(Donald et al., 1997). Nevertheless, these proteins pos-
sess NTPase and RNA-binding activities, which are most
probably directly involved in virus movement (Bleykasten
1321et al., 1996; Donald et al., 1997; Erhardt et al., 2000;
Kalinina et al., 1996, 2001; Lough et al., 1998; Solovyev et
al., 1999).
The two types of TGBp1 proteins are distinguished.
The TGBp1 proteins in the viruses of the proposed family
Potexviridae (the genera Potexvirus, Carlavirus, Allexvi-
rus, and Foveavirus) are of 24–26 kDa, and the NTPase/
helicase domain comprises their entire sequences.
However, in the genus Hordeivirus and other members of
the family Tubiviridae, TGBp1 are substantially larger
ranging from 50 to 63 kDa, and the helicase sequence
domain occupies only the C-terminal part of proteins
(Solovyev et al., 1996). In this article, we show that both
types of TGBp1 proteins, namely TGBp1 of hordeiviruses
poa semilatent virus (PSLV) and barley stripe mosaic
virus (BSMV), and potato virus X (PVX), a potexvirus, have
properties of RNA helicases. In addition, we demonstrate
an ability of PSLV TGBp3 to unwind dsRNA but not
dsDNA in both 5 to 3 and 3 to 5 directions.
RESULTS
RNA duplex-unwinding activity of TGBp1 proteins
To characterize potential helicase activity of TGBp1 in
vitro, the 25-kDa TGBp1 protein of PVX (25K), the 58-kDa
TGBp1 protein of BSMV (58K), and the 63-kDa TGBp1
protein of PSLV (63K) were cloned as translational fu-
sions with the N-terminal 6xHis-tag, superexpressed in
Escherichia coli and purified as described (Kalinina et al.,
1996; Solovyev et al., 1999). For analysis of helicase activity
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we used reaction conditions (includingMg concentration),
which were optimized for the ATPase reaction (Kalinina
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et al., 1996) and also shown to be optimal for the helicase
reaction (data not shown). In a first set of experiments, the
RNA unwinding assay was performed with partially du-
plexed substrate (RNA5-3) analogous to that used in stud-
ies of helicase activity of potyvirus CI and alphavirus nsP2
proteins (Gomez de Cedro´n et al., 1999). The longer strand
(133 nts in length) had 31 nucleotides complementary to the
short strand and a 4-nt-long 5 overhang, whereas the
shorter RNA chain (89 nts in length) had 46-nt-long 5
overhang and 12-nt-long 3 single-stranded region (Fig. 1A).
Incubation of PSLV 63K with labeled RNA duplex and sub-
sequent electrophoresis in acrylamide gel demonstrated
that 63K protein had an RNA helicase activity dependent on
the presence of Mg2and ATP (Fig. 1B), which is consistent
with the previous data on SF-I helicases (Gomez de Cedro´n
et al., 1999; Seybert et al., 2000a,b). The two halves of 63K,
the C-terminal half containing helicase domain (C-63K) and
the N-terminal extension domain with RNA binding sites
responsible for 63K salt-stable RNA binding (Kalinina et al.,
2001), were expressed separately in E. coli, and duplex
unwinding test established that C-63K, but not N-63K, had
the helicase activity (Fig. 1C). The mutated C-terminally
truncated 63K, named 63K-V-VI and lacking the helicase
motifs V and VI (Kalinina et al., 2001), had no helicase
activity (data not shown). The full-length 63K and C-63K had
similar RNA unwinding activity: strand separation was first
detected at protein:RNA molar ratio of 1:30–50 and com-
plete strand separation of the partially duplex RNA probe
was reached at protein:RNA molar ratio of 1:300 (Figs. 1C
and 1D, and data not shown). Our data on the high
enzyme:RNA substrate ratios required for in vitro unwind-
ing are in agreement with the results obtained for the
bacterially expressed arterivirus helicase (Seybert et al.,
2000b) and can be explained by partial refolding of he-
licase molecules after purification.
It should be noted that inability of N-63K to unwind
FIG. 1. RNA helicase activity of the PSLV 63-kDa TGBp1 (63K) and its deletion mutants. (A) Schematic representation of the partially duplexed RNA
substrate “RNA53.” Number of nucleotides in duplex and single-stranded substrate portions are indicated. (B) Helicase activity of PSLV 63K. The
substrate RNA53 (0.06 pM) was incubated without protein added (dsRNA), denatured by boiling (95°C), and incubated with 30 pM of 63K (RNA:protein
ratio 1:500) in standard assay buffer or in the buffer without ATP added (ATP) or with EDTA added (Mg2). (C) Analysis of helicase potential of N-
and C-terminal domains of 63K expressed in E. coli as separate proteins, and 30-kDa movement protein of tobacco mosaic virus (TMV 30K). The
substrate RNA53 (0.06 pM) was incubated without protein added and with 30 pM of 63K (RNA:protein ratio 1:500), or with 12 and 36 pM of C-63K
(RNA:protein ratio 1:200 and 1:600, respectively), or with 18 and 54 pM of N-63K (RNA:protein ratio 1:300 and 1:900, respectively), or with 36 of TMV
30K (RNA:protein ratio 1:600). (D) RNA helicase activity of 63K at different protein concentrations. The substrate RNA53 (0.06 pM) was incubated
without protein added and with 3.2 pM of 63K (RNA:protein ratio 1:50), with 6.4 pM of 63K (RNA:protein ratio 1:100), and with 12.8 pM of 63K
(RNA:protein ratio 1:200). In (B, C, and D), positions of the partially duplex substrate (ds) and separated RNA single strand (ss) are indicated.
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RNA duplex showed that E. coli endogenous helicases,
which potentially could contaminate protein preparations
purified on Ni-NTA resin, were likely not responsible for
the duplex unwinding activity detected for 63K and
C-63K. In line with these observations, the bacterially
expressed tobacco mosaic virus MP, which obviously
lacked conserved helicase motifs, demonstrated no de-
tectable helicase activity (Fig. 1C).
The second dsRNA substrate, RNA5, consisted of a
123-nucleotide duplex and two 5 single-stranded re-
gions of 115 and 198 nts at opposite ends of the sub-
strate (Fig. 2B), whereas a third substrate, RNA3, con-
tained a 84-nt duplex region and had two 3 single-
stranded regions at both ends (Fig. 2A). As Fig. 2 shows,
63K protein was able to unwind both the 5-tailed “RNA5”
and the 3-tailed “RNA3.” These data indicated that the
PSLV TGBp1 helicase can operate with 5 to 3 polarity
as well as reverse polarity.
Strand separation assay on RNA5–3 substrate showed
that BSMV 58K and PVX 25K proteins also had the RNA
helicase activity which was dependent on Mg2and ATP
and resulted in complete strand separation at protein:
RNA molar ratio of 1:300 (Figs. 3A and 3B). These obser-
vations demonstrated that in contrast to previous data
(Donald et al., 1997) BSMV 58K protein possesses heli-
case activity in vitro and potexvirus TGBp1 also showed
helicase activity.
PSLV 63K protein has no DNA duplex-unwinding
activity
As was found for coronaviruses and arteriviruses, the
virus SF-I helicases also unwound the partially duplexed
DNA substrates (Seybert et al., 2000a,b). These data
prompted us to analyze the unwinding activity of PSLV
TGBp1 on DNA duplexes. Both DNA substrates we used
were blunt-ended at one side and had 30-bp duplex
regions and 35-nt-long 5 (substrate DNA5) or 3 (sub-
strate DNA3) tails (Figs. 2C and 2D). The data presented
in Fig. 2 show that PSLV 63K protein was not able to
unwind any of these substrates. Assuming that the DNA
substrates we used were very similar to those in studies
of the coronavirus and arterivirus helicases (Seybert et
al., 2000a,b), our results suggest some functional differ-
ences between TGBp1 helicases and replication-related
helicases of these animal viruses.
ATPase activity of PSLV 63K protein
We have previously shown that PSLV 63K and PVX 25K
have ATPase activity in vitro (Kalinina et al., 1996; So-
lovyev et al., 1999). Mutant C-63K also exhibited an
ATPase activity similar to that of 63K (Fig. 4A). Moreover,
the C-terminally truncated mutant, named 63K-V-VI
(Kalinina et al., 2001), showed even higher ATPase activ-
ity (data not shown). To further compare biochemical
characteristics of TGBp1 proteins with other SF-I heli-
cases, we analyzed their NTPase activity. The ability of
the proteins to hydrolyze NTP was assayed by a charcoal
absorption assay (Morozov et al., 1999). Similar to other
known SF-I helicases, 63K hydrolyzed GTP, UTP, and CTP
with lesser efficiency than ATP (data not shown). The
ATPase activity of the PSLV TGBp1 protein had a pH
optimum around 8.0 and depended on divalent cations
with highest enzyme activity found in the presence of
Mg2, which could be partially replaced by Mn2and
Ca2but not by Zn2 (Figs. 4B, 4C, and 4D, see also
Kalinina et al., 1996), as it was also reported for other
viral SF-I helicases (Heusipp et al., 1997; Kadare et al.,
1996; Rikkonen et al., 1994). Another feature of viral SF-I
helicases is rather low, usually twofold stimulation of
NTPase activity by ssRNA in vitro (Gros and Wengler,
1996; Kadare et al., 1996; Rikkonen et al., 1994). Accord-
ingly, in the repeated experiments ssRNA of tobacco
mosaic virus stimulated the 1.8  0.15-fold and 1.7 
0.22-fold increase of the ATPase activity of PSLV 63K and
C-63K, respectively (Fig. 4E).
DISCUSSION
Viral NTPase/helicases have been classified into three
superfamilies (Gorbalenya and Koonin, 1993; Kadare and
Haenni, 1997). TGBp1 was identified as a putative heli-
case on the basis of its amino acid sequence similarity to
some DNA/RNA helicases of superfamily I (SF-I), where
it has closest phylogenetic relationship to the replica-
tion-related RNA helicases of -like viruses (Gorbalenya
and Koonin, 1993; Koonin and Dolja, 1993). Here we
provide the experimental evidence that the recombinant
TGBp1 proteins of hordeiviruses and potexviruses have
an RNA unwinding activity in vitro.
In RNA helicase tests, we found that TGBp1 of hordei-
viruses PSLV and BSMV, and PVX, a potexvirus, were
able to unwind in vitro the partially duplexed artificial
RNA substrate (Figs. 1, 2, and 3). For these proteins RNA
helicase activity was dependent on ATP and Mg2(Figs.
1, 2, and 3). The divalent cation-dependent NTPase ac-
tivity is a common property of all established viral RNA
helicases (Kadare and Haenni, 1997).
The ATPase activity of the TGBp1 proteins of PSLV and
PVX was slightly stimulated by ssRNA (Fig. 4E and Kali-
nina et al., 1996). The stimulation of the NTPase activity
of helicases by single-stranded nucleic acids is antici-
pated, as these proteins bind to a partially single-
stranded region of duplex molecule and unwind the
base-paired region by using the energy of ATP hydroly-
sis. The extent of ATPase stimulation by ssRNA is similar
between TGBp1 proteins and some putative replicative
SF-I helicases of animal and plant -like positive-
stranded RNA viruses, in which stimulatory effects of not
more than twofold have been reported (Gros and Wen-
gler, 1996; Kadare et al., 1996; Rikkonen et al., 1994), but
stands in sharp contrast to coronavirus and arterivirus
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FIG. 2. Ability of 63K to unwind various double-strand substrates. (A) Schematic representation of the partially duplexed RNA substrate RNA3 with the 3
overhanging ends (number of nucleotides in duplex and single-stranded substrate portions are indicated) and helicase assay of 63K using this substrate. The
substrate RNA3 (0.06 pM) was incubated without protein added (dsRNA), denatured by boiling (95°C), and incubated with 30 pM of 63K (RNA:protein ratio 1:500)
in standard assay buffer or in the buffer without ATP added (63KATP) or with EDTA added (63KMg2). (B) Schematic representation of the partially duplexed
RNA substrate RNA5 with the 5 overhanging ends (number of nucleotides in duplex and single-stranded substrate portions are indicated) and helicase assay of
63K using this substrate. The substrate RNA5 (0.06 pM) was incubated without protein added (dsRNA) with 4 pM of 63K (RNA:protein ratio 1:70), with 8 pM of 63K
(RNA:protein ratio 1:135), and with 16 pM of 63K (RNA:protein ratio 1:270) in a standard assay buffer or in the buffer with EDTA added (63KMg2) or without ATP
added (63KATP), and denatured by boiling (95°C). (C) Schematic representation of the partially duplexed DNA substrate “DNA3” with the 3 overhanging ends
(number of nucleotides in duplex and single-stranded substrate portions are indicated) and helicase assay of 63K using this substrate. The substrate DNA3 (0.06
pM) was incubated with 30 pM of 63K (DNA:protein ratio 1:500) as in Fig. 1A. (D) Schematic representation of the partially duplexed DNA substrate DNA5 with the
5 overhanging ends (number of nucleotides in duplex and single-stranded substrate portions are indicated) and helicase assay of 63K using this substrate. The
substrate DNA5 (0.06 pM) was incubated with 30 pM of 63K (DNA:protein ratio 1:500) as in Fig. 1A.
helicases for which a 15- to 20-fold increase of the basal
ATPase activity has been found (Seybert et al., 2000a,b).
This is an additional biochemical property that stresses
functional differences between TGBp1 and corona/arteri-
virus helicases. Whereas the latter animal virus replica-
tion-related helicases show 5 to 3 polarity of duplex
unwinding and do not discriminate between RNA and
DNA (Seybert et al., 2000a,b), TGBp1 unwinds dsRNA,
but not DNA substrates, in both directions (Figs. 1 and 2).
In contrast, however, DNA virus SF-I helicases and RNA
virus SF-II helicases operate in 3 to 5 direction only
(Gorbalenya and Koonin, 1993; Kadare and Haenni,
1997).
The substrate specificity and unwinding direction of
TGBp1 had striking similarity to the cell eIF-4A helicase,
the prototypic member of the “DEAD” SF2 family of RNA
helicases. Both of them discriminate between RNA and
DNA substrates and operate in both directions, thus
providing exceptional cases among RNA helicases (Gor-
balenya and Koonin, 1993; Kadare and Haenni, 1997; this
paper). For eIF-4A, the helicase activity could be demon-
strated in the presence of other translation initiation
factor eIF-4B, which acts as a specific accessory subunit
(Gorbalenya and Koonin, 1993; Kadare and Haenni,
1997). In this respect, it is interesting that TGBp1 of
hordeiviruses has two main functional and structural
domains corresponding to its N- and C-terminal halves.
The helicase domain occupies the C-terminal protein
part, whereas the N-terminal extension domain contains
two highly positively charged regions involved in RNA
binding (Fig. 5A) (Kalinina et al., 2001; Solovyev et al.,
1996). Analysis of RNA unwinding potential of the sepa-
rated N- and C-terminal domains of the PSLV TGBp1
protein demonstrated that its N-terminal domain was not
required for NTPase and helicase activities, which were
associated with the C-terminal protein region (Figs. 1
and 4). These observations confirm our previous sugges-
tion that the N- and C-terminal parts of the hordeivirus
TGBp1 proteins have partial functional independence
(Solovyev et al., 1999).
In PcrA-like bacterial DNA helicases, four structural
domains were identified and designated 1A, 1B, 2A, and
2B. The seven conserved sequence motifs of the heli-
case domain reside in the domains 1A and 2A, which are
responsible for binding of ssDNA, and ATP binding and
hydrolysis (Bird et al., 1998; Soultanas and Wigley, 2001).
The protein sequences forming the structural domains
1B and 2B of PcrA interrupt sequences of domains 1A
and 2A, respectively (Fig. 5B). Alignment of amino acid
sequences of TGBp1 helicases with PcrA demonstrated,
first, sequence conservation of the helicase motifs in
domains 1A and 2A, and second, absence of the subdo-
mains 1B and 2B in the TGBp1 helicases (Figs. 5A and
5B). Amazingly, the 1B and 2B domain of 140 and 215
amino acid residues long are precisely “deleted” from
TGBp1 helicases (Figs. 5A and 5B). Therefore, the TGBp1
proteins represent “simplified” helicases with only two
structural domains. This feature is rather intriguing, as a
current model of PcrA helicase mechanism implies ac-
tive involvement of the domains 1B and 2B in interaction
with DNA duplex and its destabilization (Soultanas and
Wigley, 2001). It can be speculated that this feature of the
TGBp1 helicases either reflects differences in DNA and
RNA unwinding or points to necessity to reconsider the
role of domains 1B and 2B in helicase action.
Collectively, our data show that TGBp1 acts as a non-
specific RNA helicase with both 5 to 3 and reverse
directions of duplex unwinding. However, the role of the
TGBp1 helicase activity in cell-to-cell movement of plant
viruses remains uncertain. General requirement for he-
licase activity in this process was suggested by mutation
analysis, where substitutions and deletions affecting he-
licase motifs of different TGBp1 proteins resulted in com-
plete block of virus RNA trafficking from cell to cell
(Donald et al., 1997; Erhardt et al., 2000; Lough et al.,
1998; Morozov et al., 1999). In potexviruses, mutations
influencing helicase motif I of TGBp1 block the protein
ability to increase plasmodesmata (PD) SEL. However,
deletion of motif VI only slightly inhibited ability of the
protein to increase PD SEL (Lough et al., 1998). It is
important that mutations in motifs V and VI of superfamily
I DNA helicases and PSLV TGBp1 helicase do not elim-
inate NTP hydrolysis, whereas changes in motif I exhibit
a profound decrease in duplex unwinding (data not
shown) (see also Graves-Woodward et al., 1997). Taken
together, these data suggest that NTPase, or NTP bind-
ing activity, are required for the TGBp1-induced increase
of PD SEL.
Potexvirus TGBp1 was found to be co-translocated
with coat protein and virus genomic RNA in the pro-
cesses of cell-to-cell and long-distance movement
FIG. 3. RNA helicase activity of the BSMV 58-kDa TGBp1 protein
(58K) and the PVX 25-kDa TGBp1 protein (25K). (A) Helicase activity of
BSMV 58K. The substrate RNA53 (0.06 pM) was incubated without
protein added (dsRNA), with 4 and 12 pM of 63K (RNA:protein ratio 1:70
and 1:300) in standard assay buffer or with 12 pM of 63K in the buffer
without ATP added (ATP) or with EDTA added (Mg2), or denatured
by boiling (95°C). (B) Helicase activity of PVX 25K. The substrate RNA53
(0.06 pM) was incubated without protein added (dsRNA), with 12 pM
and 24 pM of 63K (RNA:protein ratio 1:300 and 1:600) in standard assay
buffer, and with 24 pM of 63K in the buffer with EDTA added (Mg2)
or without ATP added (ATP). Positions of the partially duplex sub-
strate (ds) and separated single strand of RNA (ss) are indicated.
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(Lough et al., 1998, 2000, 2001). Moreover, it has been
shown that PVX TGBp1 is able to perform the energy-
dependent conformational changes in the virions in vitro
(Atabekov et al., 2000). These observations may repre-
sent an important clue to the understanding of TGBp1
functioning, assuming the idea that ATP hydrolysis by
helicases generates enough energy not only for separa-
tion of base-paired regions but also for displacement of
proteins from nucleic acids (Soultanas and Wigley, 2001).
By analogy with some cell and viral helicases which was
found to be involved in remodeling and disassembly of
RNP complexes and termed as “RNPases” (Jankowsky et
al., 2001; Schwer, 2001; Tseng et al., 1998), one can
speculate that TGBp1 could potentiate cell-to-cell trans-
port of virions, or movement-related RNPs, through PD by
disrupting both RNA–protein interactions and intramo-
lecular RNA basepairing.
One more intriguing possibility for the role of the
TGBp1 helicase activity has been suggested by the re-
cent studies on virus-induced posttranscriptional gene
silencing. It was found that some plant helicase-like
proteins are the components of silencing pathways (Dal-
may et al., 2001; Waterhouse et al., 2001). On the other
hand, PVX TGBp1 has been demonstrated to operate as
a suppressor of posttranscriptional gene silencing (Voin-
net et al., 2000), leading to hypothesis that helicases,
along with RNA-dependent RNA polymerase, could be
involved in the formation of substrate for dsRNA-specific
RNase which produces 21- to 25-nt small RNAs accom-
panying RNA silencing (Pooggin et al., 2001; Waterhouse
et al., 2001).
MATERIALS AND METHODS
ATPase assay
Construction of the vectors producing the recombinant
6xHis tagged proteins, their expression in E. coli, purifi-
cation on Ni-NTA resin, and ATPase assays was carried
FIG. 4. Effects of protein concentration, pH, divalent cations, Mg2concentration, and polynucleotides on ATPase activity of 63K and its mutants.
(A) ATPase assays performed at standard conditions with the 63K and its mutants C63K and N63K, protein concentrations varied as indicated. (B)
Stimulation of 63K ATPase activity by various divalent cations (40 ng protein and 5 mM of each cation were used in the assay). (C) Dependence of
63K ATPase activity on Mg2concentration (assay performed using 40 ng protein). (D) Dependence of 63K ATPase activity on pH (assay performed
using 40 ng protein). (E) Stimulation of 63K ATPase activity by various polynucleotides (assay performed using 40 ng of protein).
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out as described previously (Kalinina et al., 1996, 2001;
Morozov et al., 1999; Solovyev et al., 1999). Briefly,
ATPase assays were performed with purified proteins
(20–800 ng) in buffer containing 10 mM Tris–HCl, pH 8.0;
10% glycerol; 1 mM DTT; 1 mM EDTA; 5 mM MgCl2; 5 M
ATP; 0.1 Ci [-32P]ATP in a final volume of 10 l. When
indicated, various RNAs were included in the reaction
mixture at the concentration of 0.1 g/l. Probes were
incubated for 1 h at 37°C and reaction was stopped by
the addition of EDTA to a final concentration of 20 mM. To
FIG. 5. Comparison of TGBp1 helicases with bacterial DNA helicase PcrA. (A) Amino acid sequence alignment of PSLV 63K, BSMV 58K, PVX 25K,
and PcrA. Conserved motifs of the helicase domain are shown in boxes and numbered from I to VI. Positively charged stretches in the N-terminal
extension domain of PSLV 63K involved in salt-stable RNA binding are underlined and indicated “A” and “B”. Positively charged residues in the
corresponding regions of BSMV 58K are shown in bold. In the PcrA sequence, regions of the structural domains 1B (140 amino acids) and 2B (215
amino acids) are indicated. Numbers in parentheses at the C-terminus of each sequence indicate a sequence region not included in this alignment.
Numbers in parentheses at the N-termini of PSLV and BSMV sequences correspond to lengths, in amino acids residues, of nonsimilar regions, which
are not shown. (B) Schematic representation of molecular organization of PcrA and helicase domains of TGBp1. The structural domains 1A, 1B, 2A,
and 2B are shown as dashed boxes and indicated accordingly.
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estimate the ATPase activity, unreacted ATP was precip-
itated by addition of 300 l of 7.5% activated charcoal in
50 mM HCl–5 mM H3PO4; the mixtures were vortexed
and allowed to stand for 5 min and then charcoal was
centrifuged in a microcentrifuge for 10 min and half of the
supernatant was analyzed by Cherenkov.
Helicase assay
As the helicase substrate “RNA53,” two annealed T7
transcripts were used, one synthesized on MluI-linear-
ized pGEM7Zf(), and the other on PvuII-linearized
pTZ-KH plasmid, which was obtained by subcloning of
KpnI–HindIII fragment of pGEM7Zf() into similarly di-
gested pTZ19R. For RNA5 substrate, one RNA transcript
was synthesized on MluI-linearized pGEM7Zf() by T7
RNA polymerase, while the second transcript was syn-
thesized on ApaI pGEM7Zf() by SP6 RNA polymerase.
For RNA3 substrate, pGEM7Zf() was linearized with
PvuII, which cuts the plasmid twice (upstream of both T7
and SP6 promoters), and used for run-off transcription
with either T7 RNA polymerase or SP6 RNA polymerase.
The labeled transcripts for these three dsRNA substrates
was synthesized in the presence of 10 Ci [-32P]UTP
(800 Ci/mmol).
To produce duplex DNA substrates, two synthetic oligo-
nucleotides were annealed. A shorter oligonucleotide was
labeled with [-32P]ATP (3000 Ci/mmol) using T4 polynucle-
otide kinase. For substrate DNA5 or substrate DNA3,
oligonucleotides 5D (5-TATCAACAGAAGGGGCAAGAGCA-
TGCCAGG-3) and 3D (5-CTGGTGAGCAATAGAAGGAG-
AACGATTAGG), respectively, were annealed with oligo-L
(5-CCTGGCATGCTCTTGCCCCTTCTGTTGATAATCATCCT-
AATCGTTCTCCTTCTATTGCTCACCAG-3).
All duplexes were formed using the same strategy:
32P-labeled and nonlabeled complementary fragments
were resuspended together in 100 l of annealing buffer
(10 mM Tris–HCl, pH 7.5; 100 mM NaCl; 3 pmol of each
fragment) and were hybridized by boiling for 5 min and
then incubating at room temperature overnight.
Helicase assay was performed in 10 l of 20 mM
Tris–HCI, pH 8.0; 5 mM MgCI2; 1 mM DTT; 2–5 mM ATP;
0.12 U/l RNasin containing indicated amounts of pro-
teins and partially double-stranded RNA or DNA sub-
strate. After incubation for 90 min at 37°C, the reaction
was stopped by addition of 2 l 3% SDS; 150 mM EDTA.
Samples were electrophoresed in 8% polyacrylamide
gels containing 0.1% SDS in 0.5 TBE buffer. dsRNA and
ssRNA species were visualized by autoradiography.
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